Mixed oxides of Ti-V-O were co-precipitated by wet process using TiCl4 and VOCl3 as starting materials. As-precipitated gels were calcinated at 800
Introduction
The n-type titanium dioxide (TiO 2 ) semiconductor has a wide application in photovoltaics (PV) and photoelectrochemical (PEC) cells, due to its relatively low cost, chemical stability, and photo stability [1] [2] [3] . Optical band gap of rutile TiO 2 semiconductor is normally of the order of 3.0 eV. However, this band gap is too high to effectively utilize the energy of 96% of solar spectral profile, which is less than 2.0 eV [4] . To increase the photoelectrical efficiency of TiO 2 , transition metals of V, Fe, and W have been doped into the TiO 2 [5, 6] . Phillips et al. [5] have studied the effects of extensive doping of V in single crystalline Ti 1−x V x O 2 (x = 0.04-0.55) on the variation of the band gap. It was found that the samples of Ti 1−x V x O 2 (x = 0.3-0.5) possess an optical band gap of 1.99 eV, which is due to the metallic property of vanadium dioxide [5] .
Vanadium addition can result in formation of vanadium oxides, such as VO 2 and V 2 O 5 in the matrix of TiO 2 . Mixing VO 2 and V 2 O 5 with TiO 2 together, with similar positions in their conduction and valence band energies, can increase the spectral range of absorption as well as create type II electronic architecture. This structure can separate and/or localize electron and hole wave functions in the core or shell materials, thereby extending excitation lifetime and photoelectrical efficiency [7] . Since it is possible to increase electron/hole life time by separation of charges, it may be also possible to increase conductivity by electrons and holes through the particles of the TiO 2 /VO 2 /V 2 O 5 phases. However, charge separation is significantly dependent on the morphologies of * corresponding author; e-mail: mwpark@ks.ac.kr heterogeneous mixture of TiO 2 /VO 2 /V 2 O 5 particles. Either non uniform aggregation of the particles or coarse particle agglomeration are not conducive for the effective application of this heterogeneous structure.
In this work, wet chemical co-precipitation method, using TiCl 4 and VOCl 3 as starting materials, was used to produce either the single crystalline Ti 1−x V x O 2 phase or the fine dispersion of nano-sized VO 2 and V 2 O 5 particles in TiO 2 matrix. The effects of V content and calcination conditions on the phase transition, morphology and band gap of the mixed Ti-V-O oxides were studied.
Materials and methods

Materials
Powder mixtures of vanadium-doped titania were produced by the co-precipitation method starting from TiCl 4 (99.9%, Aldrich Chemical Co.) and VOCl 3 (99%, Aldrich Chemical Co.). Mixed aqueous solutions with various V/Ti atomic ratios (0, 1, 3, 5, 8, 10 at.% of vanadium) were obtained by mixing different aqueous solutions prepared from TiCl 4 and VOCl 3 , respectively. The salts containing the cations were then co-precipitated by adding NH 4 OH (Junsei Chemical Co., NH 3 28-30%) into the mixed aqueous solution. A series of vanadium-doped titania were prepared by changing the V/Ti ratio. The precipitates were washed with distilled water to remove chloride ions, followed by washing with ethyl alcohol to lighten the agglomeration. The precipitates were cleaned and dispersed in an ultrasonic cleaner under vigorous stirring. They were then vacuum-filtered and dried. Drying was performed at about 120
• C in a drying oven for 10 hours. The dried powders were then calcined for 4 hours in air at 800 on the reacted powders by using a Rigaku D/MAX III diffractometer with Ni-filtered Cu K α radiation. Lattice parameters of the rutile TiO 2 phase were measured precisely with the high angle diffraction patterns at over 60
• of 2θ using least squares method. Scanning electron microscope (SEM, HITACHI, S-2400) was used to characterize the particle morphology of the as-calcined precipitates with various vanadium additions. Band gap energy of the Ti-V-O oxides was measured by Ultraviolet-visible spectrophotometer (UV-Vis, JASCO (Japan) V-670).
Results and discussion
The effects of vanadium content and calcination conditions on the phase evolution in Ti-V-O mixed oxides were studied by XRD. Figures 1a and 1b show XRD patterns obtained from the Ti-V-O specimens with different V contents, calcined at 800
• C for 4 hours in oxygen atmosphere. It is clearly seen that the increasing vanadium addition over 5 at.%, as shown in Fig. 1b , resulted in the promotion of rutile TiO 2 phase transition from the metastable anatase phase, which was present in XRD diagram in Fig. 1a . However, the phases of VO 2 and V 2 O 5 were not identified in both Figures. It may be due to the much smaller amount (less than 10 at.%) of vanadium addition compared to titanium content. In our previous report of thermogravimetric analysis (TG) and differential thermal analysis (DTA) [8] , the reduction from V Precise lattice parameters of the rutile Ti 1−x V x O 2 phase were calculated from the patterns obtained at high angle diffraction with the 2θ > 60
• , using the least squares method. Table I shows the calculated lattice parameters of the rutile Ti 1−x V x O 2 (x is not known) phases, calcinated at 800
• C in air, with varying amount of vanadium content. Both of a and c parameters do not significantly change as the vanadium addition is being increased. Stable phase of either TiO 2 or VO 2 is the rutile phase at high temperature of 800
• C. Thus it may be relevant for V ions in a form of V +4 being able to substitute Ti ions in the similar rutile phase. When the coordination number of Ti ion is 6, the ionic radius of Ti +4 is 74.5 pm whereas it is 72 pm for the V +4 . It may indicate that as V content increases in the rutile Ti 1−x V x O 2 phase, the lattice constant can be decreasing. However, in Table I , there is little change in lattice constants for a and c with the increase of vanadium content. This can be attributed to the fact that a very small amount of vanadium is substituting for Ti in all the specimens. Thus, it is possible that vanadium may exit in the form of VO 2 and V 2 O 5 phases. Figures 2a-2e show the UV-Vis spectra of the coprecipitated Ti-V-O mixed particles after calcination. Asmeasured band gap energies of the calcinated Ti 1−x V x O 2 phases are shown in Table II . The spectra were recorded in absorbance vs. wavelength ranging from 200 to 800 nm. The spectral data in Fig. 2a shows a cut off at 444 nm corresponding to the band gap of 2.8 eV, as measured by direct extrapolation of absorption spectrum. The cut off wavelength increases up to 730 nm (band gap of 1.7 eV) in Fig. 2e . Although some scattering in band gap energies is visible in Table II , in general the band gap decreases from 2.8 eV to 1.7 eV as the vanadium content increases.
SEM micrographs of Figs. 3a-3e show the size and morphology of the specimens with different amounts of V addition in TiO 2 matrix. These micrographs were all taken at the same magnification. The maximum size of Ti-V-O particles (1 at.% of vanadium addition) is less than roughly 1 µm as shown in Fig. 3a . However, the maximum particle size increases much over 1 µm as vanadium addition increases (Figs. 3b-3e ). This may be due to the differences of the physical properties such as melting temperature between the TiO 2 , VO 2 , and V 2 O 5 particles (melting points of 1843, 1967 and 690
• C, respectively).
Conclusions
Mixed oxides of Ti 1−x V x O 2 , VO 2 , and V 2 O 5 particles were produced by coprecipitation method starting from TiCl 4 and VOCl 3 . Various V/Ti atomic ratios (0, 1, 3, 5, 8, 10 at.% of vanadium) were studied to investigate structural evolution, morphology and band gap of the mixed oxides particles. The mixtures of coprecipitated oxides were calcined for 4 hours at 800
• C in oxygen atmosphere. Vanadium is found in the form of V 4+ and V
5+
cations in the as-calcined particles of Ti 1−x V x O 2 , VO 2 , and V 2 O 5 . As the vanadium content increases, band gap of the Ti 1−x V x O 2 decreases from 3.0 eV to 1.7 eV, due to the vanadium substitution for titanium in titanium dioxide particles.
